Background: Intravascular large B-cell lymphoma (IVLBCL) is a rare type of extranodal lymphoma with growth mainly in the lumina of vessels. We studied a small series of IVLBCL and focused on its central nervous system (CNS) involvement. Methods: Searching the medical records of Northwestern Memorial Hospital, we identified five cases of IVLBCL from January 2007 to January 2015. Clinical information, hematoxylin and eosin stained histologic slides and immunohistochemistry studies were reviewed for all cases. Polymerase chain reaction (PCR) analysis for the immunoglobulin (Ig) heavy and light chain gene rearrangement was performed on all five cases. Results: Three of the five cases of IVLBCL were autopsies. Patients' age ranged from 56 to 84. CNS involvement was present in two cases-in both patients, the CNS involvement showed an extravascular pattern with confluent sheet-like formation. PCR analysis confirmed that in one case the systemic intravascular and CNS extravascular components were clonally identical. Conclusions: In a small case series of IVLBCL, we observed that CNS involvement by IVLBCL often has an extravascular morphology, but is clonally identical to the intravascular counterpart by PCR analysis. As IVLBCL can have a rapidly progressing poor outcome, it should be kept in the differential diagnoses for patients presenting with lymphoma of the CNS. The presence of extravascular growth patterns in the CNS should not exclude IVLBCL as a diagnosis.
▒ ORIGINAL ARTICLE ▒ Intravascular large B-cell lymphoma (IVLBCL) is a rare type of extranodal large B-cell lymphoma characterized by the selective growth of large lymphoma cells within smaller vessel lumina. 1 Classified as a "Mature B cell" neoplasm in the 2008 World Health Organization (WHO) classification, 1 IVLBCL is considered phenotypically and morphologically similar to diffuse large B cell lymphoma (DLBCL). However, with less than 500 reported cases, far less is understood about this non-Hodgkin's extranodal lymphoma. With vague clinical symptoms and the absence of lymphadenopathy characteristic of other lymphomas, this entity is thought to be widely underdiagnosed with clinical deterioration occurring rapidly and often resulting in the diagnosis being made at the time of autopsy. [2] [3] [4] [5] IVLBCL is divided into "Western" and "Eastern" variants, with the former showing a high frequency of central nervous system (CNS) and skin involvement and the latter frequently associated with bone marrow (BM) involvement and hemophagocytic syndrome. 6 When involving the BM, a predominantly sinusoidal pattern is seen. 7 The CNS is the most frequent site of involvement in IVLBCL, with over half of all cases presenting with neurologic symptoms and subsequent pathologic evidence of disease in the CNS. [8] [9] [10] It is important to recognize CNS involvement as early as possible in these patients as they have an overall worse clinical outcome and survival rate compared to other sites of involvement such as the skin. 10 In a small subset of IVLBCL cases there is histomorphologic variability and perivascular involvement has been demonstrated in peripheral organs including the stomach, liver, adrenal glands, bladder, and testis. 9, [11] [12] [13] [14] [15] [16] [17] [18] However, little is known about the histologic heterogeneity of CNS IVLBCL. In particularly aggressive instances involving the CNS, concomitant minimal perivascular and extravascular tumor can be seen. To date, there have been over 10 documented cases of IVLBCL showing an extravascular growth pattern in the CNS, including some cases that presented with mass-like lesions on magnetic resonance imaging (MRI). 6, 9, [19] [20] [21] Most striking about these cases is that they mimic patterns seen in primary CNS B-cell lymphoma based on angiocentric growth of large, atypical B cells that have a predilection for the leptomeninges. 22 It remains unclear what the incidence of this morphologic pattern is in the CNS of patients presenting with IV-LBCL.
To further elucidate this question, we studied five cases of IVLBCL and observed two cases with CNS involvement that demonstrated an entirely perivascular and extravascular pattern without an intravascular component. For the first time, we used conventional polymerase chain reaction (PCR) to demonstrate that the extravascular CNS component has the same B-cell clone as the pure intravascular involvement seen in the rest of the organs.
MATERIALS AND METHODS

Sample characteristics
We searched medical records of Northwestern Memorial Hospital from January 2007 to January 2015, and identified five cases of IVLBCL that included three autopsies and two living patients. Clinical information was collected. Hematoxylin and eosin-stained diagnostic slides and immunohistochemical stains were reviewed. This study was approved by Northwestern University Institutional Review Board.
Immunohistochemistry
Immunohistochemical staining was performed on formalinfixed, paraffin-embedded tissue (FFPE). Antigen retrieval and immunohistochemical stains were performed on an automated immunostainer following the manufacturer's protocol (Ventana Medical Systems, Tuscon, AZ, USA). The following predilute antibodies were used: CD3 (Ventana Medical Systems), BCL2 (Cell Marque, Rocklin, CA, USA), BCL6 (Cell Marque), CD20 (Dako, Carpinteria, CA, USA), PAX5 (Cell Marque), CD10 (Leica, Buffalo Grove, IL, USA), and MUM1 (Leica). Determination for germinal center B cell (GCB) and non-GCB was based on expression patterns for CD10, BCL-6, and MUM1 per Hans et 
Clonality assessment by PCR
Lymphoma cells were macrodissected from FFPE sections. DNA was quantified by spectrophotometry with NanoDrop 1000 (Thermo Scientific, Waltham, MA, USA). Isolated DNA was tested for gene rearrangements with multiplex PCR using universal primer sets (Invivoscribe Gene Clonality Assays, San Diego, CA, USA) for IgH V-J FR1, FR2, and FR3 primer sets as well as light-chain analysis with IgK V-J primer sets. IgK clonality testing utilized two master mixes, Tube A and Tube B, to target conserved regions within variable (Vk1-7) and joining regions (Jk1-5). The PCR products were detected by capillary gel electrophoresis on an ABI 3130XL genetic analyzer (Applied Biosystems, Foster City, CA, USA). Dominant peaks were considered to be monoclonal if they were at least three-times the height of the polyclonal background and indeterminate monoclonal cases applied to peaks that were between two-times and three-times the height of the background.
RESULTS
Clinical features
From our database search we obtained the records for five patient cases with a diagnosis of IVLBCL, including three autopsy patients and two living patients, both from outside hospitals, who sought a second-opinion diagnosis at our institution (Table  1) . Three cases were female and two were male. The age range at the time of diagnosis was 56-84 years.
Among autopsy cases, case 1 was an 81-year-old male who suffered from rapidly progressive respiratory failure accompanied by coagulopathy. His laboratories were remarkable for splenomegaly, anemia and thrombocytopenia. He passed away abruptly prior to any further medical work-up and an autopsy was requested. Case 2 was a 76-year-old otherwise healthy female who presented with altered mental status, anemia, fever, hypotension, and renal failure with rapid neurological decompensation, ultimately resulting in death and a subsequent autopsy. Case 3 was an 84-year-old male who presented with three months of fevers and chills and idiopathic thrombocytopenia purpura that did not respond to treatment with intravenous immunglobulin and steroids. Following his death, a limited 'abdomen-only' autopsy was performed.
Cases 4 and 5 were living patients at the time of diagnosis. Case 4 was a 61-year-old female who presented with a primary complaint of 6 months of a progressive skin rash and urticaria accompanied by weakness and intermittent fevers. Laboratory work-up was notable for mild pancytopenia. A skin biopsy was performed, which revealed IVLBCL. A BM biopsy was negative for lymphoma. The patient underwent treatment with rituximab-cytoxan, doxorubicin, vincristine and prednisone (R-CHOP) and went into clinical remission. However, 6 months later, the patient presented with sudden loss of consciousness and laboratories remarkable for a markedly elevated lactate dehydrogenase. An MRI was ordered that revealed a 4.5 cm left frontal brain mass with cystic degeneration. A repeat biopsy of her BM was also performed and was negative for lymphomatous involvement. Following a diagnosis of CNS B-cell lymphoma, she was treated with a new chemotherapy regimen of rituximab-methotrexate, procarbazine and vincristine (R-MPV), intrathecal methotrexate and autologous stem cell transplantation. She responded positively to the treatment and follow-up MRI's showed resolution of the brain lesion. Case 5 was a 56-year-old female who presented with a history of abdominal skin rash clinically suggestive of acute panniculitis, prompting a skin biopsy of the lesion that was consistent with IVLBCL. A BM biopsy was performed at the time of diagnosis, which was negative for lymphoma.
Histologic, immunophenotypic, and molecular findings
In all three autopsy cases, intravascular lymphoma cells were present with extensive multi-system involvement as small vessels filled with large cells with scant cytoplasm, vesicular nuclei, and prominent nucleoli. In case 1, histology showed intravascular lymphomatous involvement of multiple organs including the lungs, heart, adrenal glands, esophagus, stomach, pancreas, intestines, kidneys, prostate, and bladder. The largest tumor burden was within the small vessels of the lung interstitium. A CD20 immunostain confirmed that the vessels were distended and filled with large B cells (Fig. 1) . A brain dissection was not performed. In case 2, multiple organs were also involved, which included the brain, skin, breast, heart, lungs, liver, adrenal glands, stomach, pancreas, and intestines. The largest tumor burden was observed in the brain, including the cerebral hemispheres, meninges, midbrain, pons and basal ganglia, which demonstrated purely perivascular growth. The pituitary was also involved, and it showed near total effacement of the parenchyma with large, solid sheets of these cells in a sheet-like architecture with an identical morphology to the perivascular component in the other locations in the brain as well as the intravascular component seen in other organs (Fig. 2) . A BM biopsy showed intrasinusoidal infiltration of neoplastic B cells. Case 3 revealed predominantly intravascular involvement of large B cells in adrenal glands, bladder, stomach, pancreas, intestines, appendix, and liver. small vascular spaces, without discernible intravascular involvement (Fig. 3) .
For all cases, the cell of origin for the neoplastic large cells was consistent with the non-GCB phenotype according to the Hans et al. algorithm. 23 in all five cases. Immunoglobulin heavy chain was clonally rearranged in one of the five cases (case 2). Kappa light chain gene rearrangement analysis provided evidence of clonality in two additional cases (cases 1 and 5) ( Table 2 ). To confirm the clonal relationship between the extravascular and intravascular components, immunoglobulin heavy and light chain gene rearrangement studies were performed in case 2 from areas with two distinct morphologies. The pituitary gland, which showed sheet-like extravascular component, was positive for clonal heavy chain gene rearrangement with a 254-bp clonal FR2 peak, identical to one of the clonal peaks detected in the intravascular component from the lung parenchyma. Similarly, the perivascular lymphoid infiltrate from the meninges was positive for clonal kappa light chain rearrangement, with a clonal peak identical to those detected in the intravascular component from the lung parenchyma (Table 2 , Fig. 4 ).
DISCUSSION
In this study, we reported five cases of IVLBCL, comprised of three autopsy cases and two living patient cases. In all three autopsy cases, the patients died before or shortly after the diagnosis was established. All cases demonstrated extensive organ involvement by the lymphoma cells. Not surprisingly, we observed that IVLBCL is a highly aggressive entity with nonspecific clinical findings and where other differentials are more commonly exhausted, which delays the diagnosis and leads to unsalvageable clinical outcomes. In keeping with past findings, 6, 13, 24 our findings confirm that IVLBCL is predominantly non-germinal center B cell in origin as all five cases in this study showed this phenotype. The CNS is the most common site to be involved by IVBCLup to two-thirds of all cases of IVLBCL-and is a frequent site of intra-organ recurrence. [8] [9] [10] Approximately one-half of all cases of IVLBCL involving the brain are diagnosed post-mortem. 25 Diagnosing IVLBCL premortem in the setting of CNS involvement is difficult because patients often present with non-specific encephalopathic symptoms, and less frequently stroke-like symptoms including extremity paralysis. 10 Among living patients diagnosed with CNS-IVLBCL, a subset of cases-approximately one-third-have been found to survive to 2 years following initial diagnosis. 10 In our small series of five IVLBCL, two patients developed neurologic symptoms. Both showed biopsy-proven CNS involvement of IVLBCL. Interestingly, in both cases, the CNS involvement was exclusively extravascular characterized by perivascular infiltrate of the abnormal large lymphocytes or confluent sheet like growth. It remains unknown how common the extravascular morphology is in the CNS of IVLBCL patients. In one study, two cases had CNS IVLBCL with a predominant angiocentric pattern, 9 accounting for one-third of the cases in that study. In a separate study of five cases of CNS IVLBCL, all five had predominantly extravascular parenchymal involvement. 19 Albeit these were small cohorts of cases, extravascular extension into the CNS parenchyma by IVLBCL is probably a more common phenomenon than currently appreciated.
When presenting with primarily CNS symptoms, IVLBCL can mimic CNS B-cell lymphoma and fail to tip off clinicians to look for a more systemic lymphomatous component. Primary CNS B-cell lymphoma, also a rare variant of DLBCL, has a proclivity to show angiocentric proliferation of neoplastic B cells. 26 In one instance, the perivascular growth pattern in the CNS in a patient with established IVLBCL resulted in an entirely separate diagnosis of primary CNS lymphoma being made, potentially creating unnecessary confusion. 6 Our findings raise the importance of keeping IVLBCL in the differential of primary CNS lymphomas and that the presence of perivascular growth patterns should not exclude IVLBCL as a diagnosis. It is important to identify CNS involvement in patients with IVLBCL as they have a worse clinical outcome than those without CNS involvement and require closer clinical monitoring. 10 In our series, both cases 4 and 5 presented with cutaneous involvement as their initial manifestation of IVLBCL, raising the possibility of a "cutaneous variant." The "cutaneous variant" is thought to occur preferentially in females and make up a sizeable subset of all IVLBCL cases (up to 26% in one study of 38 patients), in which the only symptomatology is in the form of a skin rash or plaques, without other sites of involvement. 27 Up to one-third of patients with cutaneous presentation may go on to develop other sites of involvement, such as the CNS (as was the case for our case 4), but these cases do not fall under the 'cutaneous variant' subset. In keeping with findings in the literature that the patients with cutaneous involvement have improved survival, case 4 in our series was disease-free at 22 months following their CNS relapse. Case 5 received their clinical treatment outside of our institution and clinical follow-up could not be assessed.
Some challenge the notion of IVLBCL concomitantly involving the CNS extravascularly due to the fact that they are thought to have absent surface adhesion molecules CD29, CD54 (ICAM-1), and CD11a, preventing them from being able to cross small CNS vessels to form perivascular or extravascular infiltrates. 28 However, a biologic explanation for the predilection for IVLBCL to involve the CNS with an extravascular growth pattern could be due to the fact that as veno-occlusive events occur secondary to small vessel involvement by IVLBCL, the permeability of the blood-brain-barrier is altered 29 such that it allows for passive diffusion of neoplastic cells across vessels into the brain parenchyma to form extravascular infiltrates.
A diagnosis of IVLBCL is made based on the clinical features and histologic findings of selective intravascular growth of large B cells. Clonal rearrangement of immunoglobulin chains is not required for the diagnosis. In fact, the sensitivity of PCR-based clonality assays is not very high in large B-cell lymphomas. In our small series, only one case was positive for clonal heavy chain gene rearrangement. Using a combination of heavy and light chain approach, we were able to expand molecular evidence of clonality in three of the five cases.
Thus, in cases when two different histologies coexist in the same patient, molecular modalities are useful to determine the clonal relationship between distinct growth-patterns. Here, we used a molecular approach to confirm that CNS-involvement with extravascular morphology was clonally identical to the intravascular component in the same patient. To our knowledge, this is the first study using conventional molecular diagnostic modalities to demonstrate that extravascular B cells in the CNS of a patient are clonally identical to systemic intravascular cells in the same patient with IVLBCL. Rare past efforts have failed, as indeed, it is difficult to work with such scant material for molecular studies. 19 In summary, of the two of five cases in this study with CNS involvement, both show pure perivascular and extravascular growth, which in combination with other reported cases in the literature, raises the possibility that CNS involvement is more frequently extravascular in IVLBCL than currently appreciated. Therefore, it is the intent of this study to raise awareness that IVLBCL is not just a clinically heterogenous entity but is also a histologically heterogenous entity with potential proclivity to form extravascular foci in the CNS due to biologically unique properties of the blood brain barrier. Further analysis is needed, particularly in the form of large retrospective cohort studies of known IVLBCL patients, to pinpoint the frequency of extravascular morphology in the CNS in these patients.
